ADDITIONAL INDEX WORDS. alternative substrate, growing media, peatmoss, pine bark, Pinus taeda SUMMARY. Wood-based substrates have been extensively evaluated for greenhouse and nursery crop production, yet these substrates have not been evaluated for propagation. The objective of this study was to evaluate processed whole loblolly pine trees (WPT) (Pinus taeda) as a rooting substrate for stem cutting propagation of a range of ornamental crops. Substrates included processed WPT, pine (Pinus sp.) bark (PB), and each mixed with equal parts (by volume) peatmoss (PM) (WPT:PM and PB:PM, respectively). Substrate physical (air space, container capacity, total porosity, bulk density, and particle size distribution) and chemical [pH and electrical conductivity (EC)] properties were determined for all substrates. Rooting percentage, total root length, total root volume, and total shoot length were evaluated for four species in 2008 and five species in 2009. Substrate air space was similar between PB and WPT in the 2008 experiment, and likewise between PB:PM and WPT:PM. In the 2009 experiment, PB and WPT had similar substrate air space. The addition of PM to PB and WPT resulted in reduced air space and increased container capacity in both experiments. The proportion of fine particles doubled for PB:PM and WPT:PM compared with PB and WPT, respectively. Substrate pH for all substrates ranged from 6.0 to 6.9 at 7 days after sticking (DAS) cuttings and 6.9 to 7.1 at 79 DAS. Substrate EC was below the acceptable range for all substrates except at 7 DAS. Rooting percentage was similar among substrates within each species in both experiments. The addition of PM resulted in significantly greater total root length for PB:PM and WPT:PM compared with PB and WPT, respectively, for five of the eight species. Shoot growth was most vigorous for PB:PM compared with the other substrates for all species. The study demonstrated a range of plant species can be propagated from stem cuttings in whole pine tree substrates alone or combined with PM.
C utting propagation is the most widely used method for cloning nursery and floriculture crops. Some of the factors that affect successful cutting propagation include stock plant quality, timing of propagation, propagation environment, container size, rooting substrate, and auxin treatment. A proper balance of air space and container capacity are critical for healthy root development, so the combined effects of propagation environment (mist application volume and frequency) and container size must be well understood when selecting a propagation substrate (Threadgill et al., 1985) .
Sphagnum PM, PB, perlite, and vermiculite are commonly used as substrates for propagation, either individually or in combination at various proportions. The high transportation costs and variable annual harvest of Canadian PM have negatively impacted greenhouse crop producers in the United States (Fain et al., 2008; Harrison, 2011) . Before the housing market decline of the late 2000s, nursery crop producers experienced a reduction in PB supplies and a rise in cost due to both PB's use as boiler fuel and a decline in the timber market (Lu et al., 2006) . Although PB supplies have rebounded in recent years, the long-term availability of PB will remain a concern. Although many alternative substrates have been used to produce quality containergrown crops, it has not been determined if such substrates are suitable for propagation. Ideally, an alternative substrate component should be cost effective, sustainable, and regionally available.
Alternative substrates should be evaluated within a propagation environment before extensive use. Offord et al. (1998) demonstrated coconut coir was a suitable alternative to PM for propagation of sydney bush pea (Pultenaea parviflora). Shah et al. (2006) reported silt and sawdust as acceptable substrates for long-leaf fig (Ficus binnendijkii 'Amstel Queen') cutting propagation, yet a traditional substrate was not included for comparison. Composts derived from a variety of materials have also been used for cutting propagation. Cuttings of three foliage plant species had similar root development in composts mixed with PM or PB and in a standard substrate (Chen et al., 2003) . Chong (1999) noted composted municipal waste blended with perlite was a satisfactory substrate for cutting propagation of several woody plant species.
Wood-based substrates have been identified as acceptable supplements or replacements for PM and PB in crop production. Wood-based materials derived from pine trees are readily available throughout the southeastern United States and include clean chip residual (bark, limbs, and needles), processed whole pine trees (wood, bark, limbs, and needles), and chipped pine logs (wood and bark). These substrates have been extensively evaluated for greenhouse and nursery crop production (Boyer et al., 2008; Fain et al., 2008; Jackson et al., 2009; Wright and Browder, 2005) . Although crops grown in these substrates commonly required additional fertilizer when compared with those grown in traditional substrates (Fain et al., 2008; Jackson et al., 2008; Wright et al., 2008) , nutrient and water availability issues can be readily managed during crop production. The suitability of loblolly pine wood-based substrates for cutting propagation has not been investigated. Demonstrating the versatility of these substrates is essential to expanding their commercial availability and use. The objective of the current experiments was to evaluate processed whole pine tree as a rooting substrate for stem cutting propagation of ornamental crops. The plant species used in the two experiments were chosen based on accessibility and to represent a range of plant types and rooting difficulty. In the 2008 experiment, species used were chrysanthemum (Chrysanthemum ·morifolium 'Dazzling Stacy'), leyland cypress [Cupressus ·leylandii (synonym · Cupressocyparis leylandii) 'Murray'], texas privet (Ligustrum japonicum 'Texanum'), and mexican bush sage (Salvia leucantha). In the 2009 experiment, species used were wintercreeper (Euonymus fortunei 'Kewensis'), evolvulus (Evolvulus glomeratus 'Blue Daze'), persicaria [Polygonum microcephalum (synonym Persicaria microcephala) 'Red Dragon'], rose (Rosa 'Red Cascade'), and mexican bush sage (Salvia leucantha).
Materials and methods
Stem cuttings from individual plant species were prepared (Table 1) , all species (except persicaria) received a 1-s basal quick-dip in a 1000 ppm indole-3-butyric acid solution (Dip#N Grow Lite; Dip#N Grow, Clackamas, OR), and a single cutting was inserted into each container for a total of 192 experimental units per species. Intermittent mist was maintained for all species at 8 s every 15 min from 8:00 AM to 6:00 PM (2008 experiment) and at 5 s every 15 min from 7:00 AM to 6:00 PM (2009 experiment Rooting periods varied by species, but all cuttings within a species were harvested at the same time (Table 1) . Upon harvest, roots (if present) were washed and digitally scanned for analysis (total root length and total root volume) using WinRhizo software (version 2007d; Regent Instruments, Sainte-Foy, QC, Canada). New shoot growth (if present) was recorded as total shoot length. In the 2009 experiment, substrate solution was extracted from fallow containers (n = 4) at 7, 29, 52, and 79 DAS the cuttings via the pour-through method (Wright, 1986) . Substrate solution pH and EC were analyzed using a multiparameter meter (Accumet Excel Data presented as means (n = 3) and obtained using the North Carolina State University porometer method (Fonteno et al., 1995) . Means followed by different letters within columns indicate significant difference at P < 0.05 using the Shaffersimulated method.
w 12-year-old whole loblolly pine trees harvested, chipped, and hammermilled to pass a 0.47-cm screen; 1 cm = 0.3937 inch. v Tested differences between substrates containing pine bark and substrates containing whole pine tree; P < 0.05. u Tested differences between substrates amended with peatmoss (peat) and substrates with no peatmoss (none); P < 0.05. Data presented as means (n = 3) and obtained using the North Carolina State University porometer method (Fonteno et al., 1995 Means followed by different letters within columns indicate significant difference at P < 0.05 using the Shaffersimulated method.
w 20-to 25-cm diameter whole loblolly pine trees harvested, chipped, and hammermilled to pass a 0.95-cm screen; 1 cm = 0.3937 inch.
v Tested differences between substrates containing pine bark and substrates containing whole pine tree; P < 0.05. u
Tested differences between substrates amended with peatmoss (peat) and substrates with no peatmoss (none); P < 0.05.
XL50; Fisher Scientific, Pittsburgh, PA). Substrate air space, container capacity, total porosity, and bulk density were determined (n = 3) using the North Carolina State University porometer method (Fonteno et al., 1995) . Substrate particle size distribution (PSD) was determined by passing 500-mL air-dried substrate samples (n = 3) through 11 sieves (9.5 to 0.05 mm Assumptions of normality and common variance were tested (except for rooting percentage) using the GLM and UNIVARIATE procedures of SAS (version 9.3; SAS Institute, Cary, NC). Rooting percentage data were analyzed using the MULTTEST procedure of SAS, with differences between treatment means determined using Fisher's exact test with a permutation adjustment for multiple comparisons (P < 0.05). Total root length, total root volume, total shoot length, porometer data, PSD data, pH, and EC were analyzed with linear models using the GLIMMIX procedure of SAS. Differences between treatment means were determined using the Shaffer-Simulated method (P < 0.05). Linear contrasts were used to test differences between means for PM-amended substrates (included PB:PM and WPT:PM) and the non-PM-amended substrates (included PB and WPT), and differences between means for whole pine tree substrates (included WPT and WPT:PM) and PB substrates (included PB and PB:PM).
Results and discussion
Substrate air space ranged from 16.3% (PB:PM) to 35.5% (PB) in the 2008 experiment ( z Data presented as means (n = 3) of percent of particles collected on sieves and in pan. y 1 mm = 0.0394 inch.
x 12-year-old whole loblolly pine trees harvested, chipped, and hammermilled to pass a 0.47-cm screen; 1 cm = 0.3937 inch. w Texture classes: coarse (>2.0 mm), medium (2.0-0.5 mm), and fine (<0.5 mm). v Means followed by different letters within rows indicate significant difference at P < 0.05 using the Shaffersimulated method. Bulk density decreased with the addition of PM to PB, but increased with the addition of PM to WPT in both experiments. Peatmoss has high water retention properties and is routinely used to enhance the container capacity of substrates used for crop production (Robbins and Evans, 2005) . Substrate air space between 15% and 40% is recommended for adequate aeration during propagation, whereas substrate container capacity between 20% and 60% is recommended for adequate water retention. Also, 0.3 to 0.8 gÁcm -3 bulk density is recommended for propagation substrates (Hartmann et al., 2002; Threadgill et al., 1985) . Substrate air space was within the recommended range for substrates used in both experiments, whereas substrate container capacity was slightly greater than the recommended range for PB:PM and WPT:PM in the 2008 experiment.
Pine bark substrate had the lowest proportion of fine particles followed by WPT, PB:PM, and WPT:PM in both experiments (Tables 4 and 5 ). The proportion of fine particles doubled for PB:PM and WPT:PM compared with PB and WPT, respectively. It has been reported that substrate particles less than 0.5 mm can have a significant effect on substrate air space and container capacity (Jackson et al., 2010; Owen and Altland, 2008) . The greater proportion of fine particles most likely resulted in the greater substrate container capacity and lower substrate air space of the substrates amended with PM.
Rooting percentage was similar among substrates within each species in both experiments (Table 6 ). Rooting percentage was 90% or greater for all species except texas privet. The high rooting success is an indication that substrate did not have a significant effect on root initiation or rooting percentage in either experiment. Root development response to substrate varied by species in both experiments. Root development in WPT was less vigorous compared with the other substrates, yet the differences were not always significant. Total root length (Table 7 ) and total root volume 12-year-old whole loblolly pine trees harvested, chipped, and hammermilled to pass a 0.47-cm screen (2008 experiment); 20-to 25-cm diameter whole loblolly pine trees harvested, chipped, and hammermilled to pass a 0.95-cm screen (2009 experiment); 1 cm = 0.3937 inch. y Probability values for tests of differences between substrates containing pine bark and substrates containing whole pine tree.
x Probability values for tests of differences between substrates amended with peatmoss (peat) and substrates with no peatmoss (none). w Means followed by different letters within rows indicate significant difference at P < 0.05 using the Shaffer-simulated method. (Table 8) were similar in WPT and PB for persicaria, whereas total root length was similar among all substrates for mexican bush sage in the 2009 experiment. Total root length and total root volume was similar between PB and WPT:PM for wintercreeper and evolvulus. Maximum total root length was observed in PB:PM for all species except leyland cypress and mexican bush sage (2009 experiment). In most cases, results for total root length mirrored the results for total root volume within a species.
The addition of PM resulted in significantly greater total root length for PB:PM compared with PB for chrysanthemum, wintercreeper, evolvulus, persicaria, and rose. The increased total root length between PB and PB:PM ranged from 9% (chrysanthemum) to 174% (rose). Similarly, significantly greater total root length in WPT:PM compared with WPT occurred for mexican bush sage (2008 experiment), wintercreeper, evolvulus, persicaria, and rose. The increase in total root length using WPT:PM compared with WPT ranged from 26% (mexican bush sage-2008 experiment) to 337% (rose).
Shoot growth was most vigorous for PB:PM compared with the other substrates for all species (Table 9) . A positive response for total shoot length was observed in PB:PM and WPT:PM, compared with PB and WPT, respectively.
Peatmoss has a greater waterholding capacity and lower aeration compared with PB and wood-based substrates (Raviv and Lieth, 2008) . z 12-year-old whole loblolly pine trees harvested, chipped, and hammermilled to pass a 0.47-cm screen (2008 experiment); 20-to 25-cm diameter whole loblolly pine trees harvested, chipped, and hammermilled to pass a 0.95-cm screen (2009 experiment); 1 cm = 0.3937 inch. y Probability values for tests of differences between substrates containing pine bark and substrates containing whole pine tree.
x Probability values for tests of differences between substrates amended with peatmoss (Peat) and substrates with no peatmoss (none). w 1 cm 3 = 0.0610 inch 3 . v Means followed by different letters within rows indicate significant difference at P < 0.05 using the Shaffer-simulated method. y Probability values for tests of differences between substrates containing pine bark and substrates containing whole pine tree.
x Probability values for tests of differences between substrates amended with peatmoss (peat) and substrates with no peatmoss (none). w Means followed by different letters within rows indicate significant difference at P < 0.05 using the Shaffer-simulated method.
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Therefore, greater substrate container capacity and lower substrate air space was expected for PB:PM and WPT:PM. High rooting percentages and subsequent root development was an indication that sufficient water content and adequate aeration was present in all substrates and maintained within the propagation system used for these experiments. Disparities in root development among substrates are rarely attributed to differences in physical properties, unless extreme values are observed. Typically, low substrate air space (<10%) and high substrate container capacity (>60%) are considered undesirable for cutting propagation due to low oxygen content (Chen et al., 2003) . Substrate air space above the recommended values, or a high proportion of coarse particles, may provide inadequate moisture or hinder contact between roots and substrate particles, but such conditions have not been widely reported for cutting propagation.
In the 2008 experiment, root development was superior in PB:PM compared with WPT:PM, despite similar substrate air space. In the 2009 experiment, root development was similar (for most species) in PB and WPT:PM corresponding to similarities in substrate air space. As a result, differences in root development cannot be attributed solely to substrate air space. Although substrate nutrient content is not a critical factor during root initiation, newly developed roots require an external source of nutrients for continued growth. Substrate cation exchange capacity refers to how effectively mineral nutrients (cations specifically) are bound to the substrate particles. Peatmoss and aged PB have a greater cation exchange capacity compared with wood-based substrates (Jackson et al., 2010; Raviv and Lieth, 2008) . Nitrogen immobilization is another issue associated with wood-based substrates. Less nitrogen is available for plant absorption due to high microbial activity when comparing alternative substrates and PB with PM (Boyer et al., 2012) .
In the 2009 experiment, substrate pH for all substrates ranged from 6.0 to 6.9 at 7 DAS and 6.9 to 7.1 at 79 DAS (Table 10) . Substrate pH was above the recommended range (5.5 to 6.5) for all substrates at 29 DAS and thereafter. An increase in substrate pH was observed between 7 and 29 DAS for all substrates, yet remained relatively stable within substrates from 29 to 79 DAS. Substrate EC was in an acceptable range for plug production [0.5 to 1.0 dSÁm -1 , (Cavins et al., 2000) ] for all substrates except PB at 7 DAS, but was in the low range for all substrates at 29 DAS and thereafter. Substrate EC was similar among all substrates throughout the experiment. Changes in substrate pH and EC within the first 29 d are likely due to the nutrient release rate of the controlled-release fertilizer (Merhaut et al., 2006) .
During propagation, nutrients are more readily leached from the substrate due to high substrate porosity and frequent mist application rates (Santos et al., 2011) . Although water and nutrient availability can be readily managed in wood-based substrates used for crop production, such issues are more difficult in a propagation environment. The combined effects of leaching, low cation exchange capacity, and reduced nitrogen availability most likely contributed to less vigorous root and shoot growth in WPT.
The authors demonstrated that a range of plant species can be propagated from stem cuttings in WPT substrates. Combinations of WPT and PM or other organic components with a high cation exchange capacity may be required for optimum root development in WPT substrates. A single, universal propagation substrate has not been developed due to the unique set of factors associated with species variation and individual cultural practices. Rooting success is ultimately determined by the combined effects of container size, mist application rate and frequency, and substrate. Development of guidelines for propagation in WPT substrates would benefit manufacturers and growers interested in alternatives to traditional substrates. 1 dSÁm -1 = 1 mmho/cm. y Means followed by different letters within columns indicate significant difference at P < 0.05 (n = 4) using the Shaffer-simulated method.
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x 20-to 25-cm diameter whole loblolly pine trees harvested, chipped, and hammermilled to pass a 0.95-cm screen; 1 cm = 0.3937 inch.
